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Human cytomegalovirus (HCMV; Human herpesvirus 5) and the other betaherpesviruses encode a number of distinct gene families, including
the US12 family, which is represented only in the cytomegaloviruses of higher primates, and is comprised of a set of 10 contiguous genes (US12
through US21), each encoding a seven-transmembrane (7TM) protein. Nonessential for replication in cell culture but well-conserved among
clinical isolates, little is known of possible US12 family member functions, other than a previously identified amino acid sequence similarity
between US21 and a group of 7TM proteins that include known inhibitors of apoptosis, and a very limited description of similarity between US12
family members and G-protein-coupled receptors (GPCR). As a prelude to biochemical analysis, we have conducted a detailed analysis of the
relationships among US12 family members and between these proteins and other proteins, particularly GPCR and other 7TM molecules. In most
cases, the closest relatives of individual genes are their colinear counterparts in the other viruses. Thus, the initial duplication and divergence
events that resulted in the current version of the US12 family preceded divergence of the rhesus and hominoid lineages. Our phylogenetic analysis
indicates that the US12 family represents a distinct branch of the 7TM superfamily. Although they are distantly related, at least some of the US12
family members may have GPCR-related properties, but they are also likely to embody functions and mechanisms that differ from more
conventional GPCRs. Our analyses suggest that the 7TM structure of US12 family members constitutes a functionally flexible structural scaffold
that can be readily adapted to diverse functional ends. This strategy may be the driving force in the emergence of the several families of duplicated
and diverged betaherpesvirus genes.
© 2006 Elsevier Inc. All rights reserved.Keywords: Herpesvirus; Cytomegalovirus; Virus evolution; Gene duplication; Seven-transmembrane protein; G-protein-coupled receptorIntroduction
Human cytomegalovirus (HCMV) is a member of the
betaherpesvirus subfamily. HCMV infection is life-long with
periods of prolonged latency. Clinical manifestations in healthy
individuals are normally nonexistent to mild, but serious clinical
manifestations occur following congenital infection and in
immune-compromised individuals. The HCMV lytic replication
cycle is a sustained process that results in the first detectable
release of progeny virus 48 to 72 h after infection, with
continuous viral release up to 10 days post-infection. The virus⁎ Corresponding author. Fax: +1 216 444 2998.
E-mail address: pelletp@ccf.org (P.E. Pellett).
0042-6822/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2006.06.035encodes many functions that enable infected cells to survive
over this time in the face of innate and acquired immunity
(Davison et al., 2002; Mocarski, 2004).
The HCMV genome encodes at least 165 genes (Murphy et
al., 2003a; Dolan et al., 2004; Davison et al., 2003). Like cells
and some other viruses with relatively large genomes (Suhre,
2005), HCMVand the other betaherpesviruses have employed a
strategy of gene duplication and divergence, resulting in the
emergence of a number of distinct gene families. These families
consist of as many as 13 related genes, with most of the genes
having become highly diverged since their initial duplication.
While many of the functions encoded by the duplicated and
diverged genes are not essential for replication in cell culture,
some play important roles in vivo (Menard et al., 2003; Hanson
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been developed yet to directly assess their biological impor-
tance, the fact that members of these families are retained and
highly conserved in both clinical and laboratory strains
(Murphy et al., 2003b; Dolan et al., 2004) is strong evidence
to this end. Some activities have been identified. For example,
US6 family homologs mediate proteasomal degradation of
newly synthesized MHC I (Pande et al., 2005), while members
of the US22 family participate in a variety of processes (e.g.,
transcriptional regulation or apoptosis inhibition), most being
incorporated into virions (Adair et al., 2002; Child et al., 2004;
Skaletskaya et al., 2001; Stamminger et al., 2002; Baldick and
Shenk, 1996; Romanowski et al., 1997).
The US12 family is encoded in the HCMVunique short (US)
region as a series of ten tandemly arranged genes (Weston and
Barrell, 1986); homologs have been identified only in
cytomegaloviruses of higher primates (HCMV; chimpanzee
CMV, CCMV; and rhesus CMV, RhCMV). These proteins are
characterized by the presence of multiple hydrophobic segments
and appear to be members of the superfamily of proteins that
have seven-transmembrane segments (7TM). Little is known of
their functions. In prior analyses, limited similarity was noted
between US12 family members and 7TM proteins including
G-protein-coupled receptors (GPCR) and an inhibitor of fas-
mediated apoptosis (Holzerlandt et al., 2002; Rigoutsos et al.,
2003).
Deletion of some individual US12 family members has
modest effect on virus replication in cell culture (Dunn et al.,
2003; Yu et al., 2003), and no specific functions have been
identified. Nonetheless, they are conserved both in low passage
HCMV isolates, as well as in high passage laboratory strains
that have ejected other sets of nonessential genes (Murphy et al.,
2003b; Dolan et al., 2004). Information on expression of US12
family members during infection is limited. Guo and Huang
found two transcripts expressed from the region encoding
US18, US19, and US20: a tricistronic early 2.85 kb mRNA and
a late 1.1 kb 3′ co-terminal monocistronic transcript that only
encodes US18; all three proteins were expressed, and were
detected as early as 18 h after infection (Guo and Huang, 1993).
Gene array analyses indicate that US12 family members are
transcribed with early gene kinetics (Chambers et al., 1999).
The presence of canonical polyadenylation signals at each end
of the US12 family locus and the suggestion from the position
of additional possibly shared polyadenylation signals within the
locus (not shown), suggest that the US12 family locus is a
transcriptionally isolated island in the HCMV US region,
possibly designed to ensure highly coordinated expression of
these genes. We have found that US17 and US18 are expressed
as late proteins, a C-terminal segment of US17 localizes to
infected cell nuclei, and US17 and US18 are associated with the
cytoplasmic virion assembly complex (Das et al., 2006),
although they have not been detected in purified HCMV
virions (Varnum et al., 2004). In addition, a virus deleted for
the entire US12 locus is viable in cell culture (F.-Z. Wang and
P.E.P., unpublished data).
One of the largest gene families is the GPCR superfamily,
which has over 600 members in the human genome (Perez,2005; Fredriksson et al., 2003). The general function of GPCRs
is transmembrane signal transduction, commonly by activating
cytoplasmic signaling cascades in response to binding an
extracellular ligand or agonist. The sequence diversity dis-
played across the superfamily connects directly to their
tremendous functional diversity. Two requirements for inclu-
sion in the GPCR superfamily are possession of seven
hydrophobic spans of 25–35 amino acids, and interaction
with G proteins. More recently, the definition has been
broadened to include some related proteins that signal in a
G-protein-independent manner.
Beta- and gammaherpesviruses encode proteins that are
phylogenetically related to members of the family of GPCR
chemokine receptors (the Rhodopsin, or R family (Fredriksson
et al., 2003)) (reviewed in Sodhi et al., 2004; Vink et al., 1999;
Paulsen et al., 2005). These include homologs across the
betaherpesvirus subfamily of HCMV UL33 and UL78, and
cytomegalovirus genus-specific homologs of HCMV US27 and
US28. Among the gammaherpesvirus subfamily, homologs of
EBV BILF1 are encoded by members of the lymphocryptovirus
genus, and homologs of human herpesvirus 8 (HHV-8) ORF74
have been identified only among rhadinoviruses. HCMV US28
has been particularly well studied. US28 activities include
facilitation of viral entry, scavenging chemokines, enhancement
of cell–cell or cell–virus contact by binding to fractalkine/
CX3CL1, activation of a variety of signal pathways, and
stimulation of vascular smooth muscle cell migration (Casarosa
et al., 2001; McLean et al., 2004; Streblow et al., 1999;
Boomker et al., 2005). An important question is whether the
US12 family members have functions in common with GPCRs;
these proteins are sufficiently distant from known GPCRs to
have precluded their inclusion in most compilations and reviews
of virally encoded GPCRs, and they have been almost ignored
experimentally.
Although members of the US12 family are not essential for
replication in cultured cells, because of their similarity to
proteins that play important roles in regulation of cellular
metabolism (GPCR and regulators of apoptosis) and their
evolutionary conservation, we consider it likely that members of
the US12 family play important roles in HCMV biology. Given
the pressure on viruses to be parsimonious with respect to use of
their genetic content, it is unlikely that the virus would invest
such a high percentage of its genetic content (about 5% of
HCMV genes) on genes with no, or even unimportant function.
A careful and thorough examination of their similarities to other
genes will enable design of logical hypothesis-based experi-
ments to assess and identify the role of these proteins in HCMV
biology. Here we present the results of such an analysis, which
points to the US12 family representing a novel family of 7TM
proteins that may embody activities related to, and distinct from
GPCRs.
Results
As originally noted by Weston and Barrell, US12 family
members have seven potential membrane-spanning hydropho-
bic segments (Weston and Barrell, 1986), and can be predicted
Fig. 1. Schematic diagram of US12 family members. The diagram illustrates the
domain nomenclature used throughout the paper. TM, transmembrane domain;
E, extracellular or lumenal domain; C, cytoplasmic domain.
Fig. 2. Dot homology plots of concatenated amino acid sequences of the US12 fami
members from each virus were concatenated and then compared using a window of
indicate the boundaries between individual protein sequences.
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common for such proteins, charged and polar residues are
concentrated in the regions predicted to be in aqueous
environments, and the hydrophobic residues are concentrated
in the predicted membrane-spanning domains.
Global comparisons across the US12 family locus at the
nucleotide and amino acid sequence levels
To understand the global relationships within the US12
family at the nucleotide sequence level, we performed intra-
and inter-species comparisons across the entire locus (notlies of RhCMV, CCMV, and HCMV. Amino acid sequences from US12 family
21 residues and a score of 19 (with the Blosum 62 scoring matrix). Grid lines
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repeated domains, as well as elements of sequence conserva-
tion that might be missed in more limited analyses. At the
nucleic acid level, there was no evidence of off-axis diagonals
indicative of regions of duplicated sequence that would
suggest that these regions encode families of related proteins.
There was discernable similarity between the US21 genes of
all three viruses, a hint of similarity between RhCMV and
CCMV in the US17 homolog coding region, and a weaker
similarity in US12 between CCMV and RhCMV that was not
present in the HCMV/RhCMV comparison. CCMV and
HCMV had clear similarity across the entire locus, except
for regions that correspond to intergenic (noncoding)
domains.Fig. 3. HCMV US12 family amino acid sequence alignments. The 10 members of t
followed by manual editing to incorporate additional information, such as hydropho
Amino acids are color-coded based on their chemical properties (red, negative charge
purple, polar; green, aromatic). Grey areas represent hydrophobic, putative membra
sequences. For the consensus sequence, residues with 6 or more identities are capitaFor the amino acid sequence analyses, individual sequences
were concatenated in the order in which they are encoded, to
enable pairwise comparisons of each sequence with every other
(10 proteins each from HCMV and CCMV, plus 11 from
RhCMV) (Fig. 2). This is equivalent to having done all 430
possible pairwise dot plots among these sequences. In general,
the patches of strongest sequence similarity correspond to
individual transmembrane segments, consistent with the
relationships visible in the sequence alignments shown in
Figs. 3 and 4. In the intraspecies comparisons, the many off-axis
diagonals represent individual pairwise matches, providing
evidence of cross-family relationships. As an example, in
agreement with and extending from the observation of Weston
and Barrell (1986), US20 of HCMV and CCMV each hashe HCMV US12 family were initially aligned using the T-COFFEE algorithm,
bic properties that help to define the boundaries of the transmembrane domains.
; blue, positive charge; orange, cysteine; black, aliphatic; brown, proline/glycine;
ne-spanning segments. Capitalized residues are present in at least 6 of the 10
lized, and those present in 4 or 5 sequences are lower case.
Fig. 4. Alignment of US17 homologs from HCMV, CCMV, and RhCMV. Sequences were aligned as for Fig. 3. Grey areas correspond to predicted transmembrane
segments. Sequences corresponding to candidate S1P and S2P protease sites are underlined; the canonical sequences are (R/K)xxL and LxxxLxxP, respectively
(Raggo et al., 2002). A candidate NES related to the HIV rev NES is also underlined (canonical: ϕxxxϕxxϕx, where ϕ is a long chain hydrophobic residue) (Munoz-
Fontela et al., 2005).
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except for US16 and US21. US20 also has the most similarity
with RhCMV family members, but the sequences are generally
more distantly related. As can be seen as the first clearly
discernable diagonal parallel to the main axis of comparison, for
most family members, the closest relative within a virus for most
proteins is with one of its immediate neighbors, for example,
US13 and US14. In contrast, there are sequences that have little
discernable similarity with others from the same virus at this
level of analysis, for example, HCMV US21 and RhCMV r202.
The highest similarities are between colinear counterparts in
the other viruses (e.g., CCMV US17 with HCMV US17 and
RhCMV r198), rather than with other proteins encoded by the
same virus. The pattern of interspecies relationships between
CCMV and HCMV is very similar to the patterns seen in the
intraspecies comparisons for these viruses, reflecting their high
overall conservation. The similarity between RhCMV and both
CCMV and HCMV is highest for US12 and US13, and for
US17 through US21; divergence is greatest near the center of
the locus (US14 through US16), with r197 being the protein of
least similarity to any other.
US12 family amino acid sequence alignment
To see the details of the relationships identified above, we
constructed several amino acid sequence alignments. We
constructed an alignment of all US12 family members from
HCMV, CCMV, and RhCMV; this somewhat ungainly align-
ment was rich in details that were unfortunately diluted to the
point of sometimes being obscured by the dissimilarities among
the collection of sequences (not shown). In its place, we show
two alignments: one including the ten members of the HCMV
US12 family members that gives a good sense of the overallrelationships across the family (Fig. 3), and another alignment
restricted to the US17 homologs from the three viruses (Fig. 4).
The latter alignment is representative of analogous alignments
among positional homologs, and makes clear their relatively
high conservation. We note that some of the assignments of
residues at segment edges to transmembrane as opposed to loop
regions are arbitrary for the sake of illustration. Transmembrane
segments can have dynamic structures that bob up and down
relative to the plane of the membrane.
In both alignments, it is apparent that sequences in the
transmembrane regions are more highly conserved than are the
extracellular/lumenal or cytoplasmic domains. As expected,
extracellular and cytoplasmic domains are greatly enriched in
charged and polar residues relative to the transmembrane
domains. In the ten family member alignment, only two
positions have complete agreement (prolines in both cases),
three locations are conserved in 8 of the 10 sequences, and 7 are
conserved in 8 of the 10. The most highly conserved residues
are predominantly larger residues that are often important in
establishing the framework of protein secondary and tertiary
structure (proline, cysteine, and aromatic residues).
Other observations:
(i) Members of the US21 clade (cUS21, hUS21, and r202)
and r195 and r196 lack a cysteine in C2 that is present in
all other family members.
(ii) A highly conserved proline residue is present at the
junction between TM1 and C1 (missing only in r194 and
r197).
(iii) US16 and US17 harbor putative S1P and S2P intramem-
brane protease cleavage sites (shown only for US17 in
Fig. 4). For US17, their location is consistent with the size
of a C-terminal fragment of the protein that is expressed in
Fig. 5. Phylogenetic tree of the US12 family and its closest cellular homologs.
Sequences were aligned and the tree was generated using the T-COFFEE
algorithm as described in Materials and methods. Numbers at nodes represent
the number of amino acid substitutions per site. The scale bar represents the
number 0.1 amino acid per site. The human homologs were chosen for inclusion
based on having significant Blastp scores in comparisons with US21. None of
the other sequences had significant scores with non-US12 family members.
Sequences that contain the Bax-inhibitory motif (Table 3) are indicated with an
asterisk.
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assembly complex (Das et al., 2006). US17 also harbors
a sequence similar to nuclear export sequences (NES)
related to the HIV rev NES.
(iv) US12, US13, US14, US18, and US20 each have a (S/T)
xxx(W/F) motif in C4 immediately adjacent to TM7 that
is closely related to a similarly located sequence
(KTxxxW) in Frizzled, a conserved developmentally
important GPCR that is part of the Wnt signaling
pathway; the sequence is involved in the interaction of
Frizzled with Dishevelled (Umbhauer et al., 2000; Wong
et al., 2003).
Phylogenetic relationships within the US12 family
In a phylogenetic analysis that included the entire US12
family and a handful of its closest relatives, the family occupies
a branch that is separate from its human orthologs (Fig. 5).
Similar branching patterns were obtained from a variety of
methods of phylogenetic analysis. The nearest human ortholog
to any US12 family member is CGI-119. Most US12 family
protein sequences segregate with their positional homologs in
the other viruses, as expected based on the dot plots (Fig. 2).
There are no US15 or US16 homologs in RhCMV, and r194,
r195, r196, and r197 form a branch separate from the US13 and
US14 branches.
Evolution of the US12 locus
The conserved order of the duplicated and diverged genes,
plus their stronger similarity with their positional homolog,
indicates that the initial gene duplication and divergence events
preceded divergence of these viruses from their progenitor,
rather than by independent duplication and divergence events
subsequent to divergence from a common ancestral virus that
encoded only one of these genes. Based on the results shown
above, a hypothetical sequence of gene capture and duplication
can be proposed.
Three features of US21 suggest that it represents the initial
point of entry into the ancestral primate cytomegalovirus
genome: as assessed by Blastp (Table 1), US21 has the most
similarity with cellular proteins, notably CGI-119 (unknown
function) and LFG (an inhibitor of fas-mediated apoptosis)
(Somia et al., 1999; Holzerlandt et al., 2002); in comparisons
between HCMV, CCMV, and RhCMV, US21 is relatively
highly conserved among US12 family members (second only to
US20); and in phylogenetic analyses, US21 occupies a well-
diverged branch separate from the rest of the family (Fig. 5).
Upon duplication, one copy of the protoUS21 is likely to
have retained more of its original character than the other, which
would have been free to adopt new characteristics. The more
highly diverged of the duplicated pair is likely to be the ancestor
of US20, which appears to have been central in development of
the remainder of the family. Evidence for this includes its
retention of a trace of measurable similarity with some host
proteins (Table 1), relatively high similarity of US20 with other
members of the US12 family in intraspecies comparisons(particularly evident in the Fig. 2 comparisons with RhCMV),
and its more profound similarity with many members of the
family at the amino acid sequence level (Fig. 2 and Table 1).
Thus, anchored by the initially acquired host-derived gene, the
remainder of the family was generated by a process of
duplication and divergence that radiated from protoUS20
(Fig. 6). Prior to divergence of the rhesus and hominoid
lineages, the ancestral virus likely encoded at least 8 US12
family members. Following this branch point, it appears that the
rhesus lineage lost its US15/US16 progenitor; further duplica-
tion and divergence from its protoUS13 ancestor resulted in
Table 1
Blastp and identity scores among HCMV US12 family members and Blastp scores of US20 and US21 with homologous human proteins
Similarity scores among US12 family members were determined for the alignment shown in Fig. 4 using the GCG program Olddistances and the
BLOSSUM62 scoring matrix. Blastp scores were obtained via the National Center for Biotechnology website (www.ncbi.nlm.nig.gov), using default
parameters. For pairs with no Blastp scores shown, no significant match was found.
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member of the US12 family. Major events in the hominoid
lineage include the duplication/divergence events that resulted
in US13/US14 and US15/US16. While other scenarios are
possible, this proposal is parsimonius and is consistent with the
available evidence.
Relationship between the US12 family and other 7TM proteins
To better understand the relationship between the US12
family and other 7TM proteins, we constructed a dataset
consisting of the entire US12 family (31 amino acid sequences)
plus 68 other 7TM protein sequences. These included
representatives of the major GPCR families as defined by
Fredriksson et al. (2003) plus most of the known herpesvirus
GPCRs. A description of GPCR nomenclature is provided in
Materials and methods.
In the phylogenetic tree that emerged from this analysis (Fig.
7), US12 family proteins form a clade that is distinct from any
previously described. In this analysis, the US21 clade branched
with an arm of the “Other 7TM” group. However, this
branching pattern was not manifest in the tree shown in Fig.
5, which was based on a smaller dataset and correspondingly
less complex alignment. We consider the US21 branching in the
larger tree to be an artifact related to a patch of similarity with
the Bax inhibitor domain 1 (Huckelhoven, 2004) that had a
dominant effect in the larger alignment. While the similaritywith the Bax inhibitor may be of functional significance, the
weight of our analysis indicates that the US12 family is
phylogenetically distinct from other clades of 7TM proteins,
including other virally encoded GPCRs.
Conservation of key GPCR sequence motifs in US12 family
members
Individual GPCR families often harbor unique amino acid
sequence motifs that serve as diagnostic hallmarks of family
membership, e.g., the long highly glycosylated E1 domains of
the A family and several distinctive motifs in the transmem-
brane domains of the F family. Upon careful inspection, and
consistent with the phylogenetic analysis, members of the US12
family do not bear such family-specific markers. In addition to
family-level motifs, a set of motifs has been identified that
appears to unite the superfamily (Kristiansen, 2004; Urizar et
al., 2005; Fredriksson et al., 2003) (Table 2). In many cases, the
motifs are too small to be readily detected in analyses of whole
sequences, but can be discerned when the appropriate segment
of the molecule is scrutinized carefully. Most of these motifs
map to specific transmembrane segments, but others are present
on particular cytoplasmic domains. Many of these motifs are
present in the HCMV US12 family members (Table 2). In some
cases, the motifs are present as perfect, or nearly perfect
representations; in others, a degree of interpretive license must
be applied based on position and amino acid properties (e.g., NS
Fig. 6. Evolution of the US12 locus. The diagram represents a scheme by which the US12 family may have arisen following a single gene capture event. The scheme
was deduced based on levels of similarity revealed in dot plots, alignments, distance tables derived from aligned sequences, and phylogenetic analyses.
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family members harbor at least several of the conserved motifs,
with US12 and US13 being the most GPCR-like, and US19 the
least.
Of particular importance is the DRY motif that is situated in
C2. This motif is important for G protein coupling, which is
mediated via an ionic interaction through the arginine residue.
Variations on the motif have been associated with differences in
signal strength. It is interesting that the four US12 family
members that retain arginine-containing motifs are among what
we consider the earliest members of the family (Fig. 6),
suggesting that the ancestral protein may have had signaling
properties that may have been lost or altered in the course of
sequence duplication and divergence.
Many GPCRs exist in either of two main states: inactive and
active, the activating transition being triggered by agonist
binding, followed by desensitization. The molecular switch is
effected by a conformational change that results from specific
interactions among conserved motifs in TM2, TM6, and TM7.
While all of the HCMV US12 family members have sequences
related to the TM7 motif, none have a recognizable TM6 motif,
and only half have relatives of the TM2 motif. This suggests
that the switch may not function in the standard manner.
Bax inhibitor-1 domain
Bax inhibitor-1 (BI-1) is an evolutionarily conserved cell
death suppressor that inhibits Bax-mediated apoptosis
(Huckelhoven, 2004). BI-1 and related 7TM proteins share
a motif that bridges TM3 and TM4. US15 has similarity tothe TM3 and TM4 domains, and US14, US20, and US21
have good matches with the TM4 domain (Table 3). US20
and US21 also have marked similarity to BI-1 and its
relatives in TM7, sufficient in the case of US21 to lead to its
aberrant branching pattern in phylogenetic analyses (Fig. 7).
Apart for the GPCR signatures, this is the most extensive
similarity we found between US12 family members and other
proteins.
Discussion
We began this work knowing that the HCMV US12 family is
a set of predicted 7TM proteins with vaguely described
similarity to GPCRs and other 7TM molecules, but we knew
nothing about the details of the similarity or of the relationships
between these proteins within HCMV, or between these proteins
and their relatives in the other two cytomegaloviruses of higher
primates, CCMV and RhCMV. Our analysis is consistent with
the US12 family performing unique and possibly diverse
functions in CMV biology.
Our major conclusions are as follows:
(i) The initial duplication and divergence events that resulted
in the current version of the US12 family preceded
divergence of the rhesus and hominoid lineages. Thus, in
most cases, the closest relatives of individual genes are
their colinear counterparts in the other viruses.
(ii) Barrell, Davison and colleagues have proposed that the
ten genes from US12 through US21 all belong to the
US12 family (Davison et al., 2003; Weston and Barrell,
Fig. 7. Phylogenetic tree of the US12 family in comparison to previously characterized groups of herpesvirus GPCR and representatives of the major GPCR and other
7TM families. Amino acid sequences were aligned using T-COFFEE, manually adjusted to remove major gaps and nonaligned N-terminal segments, and the tree was
generated using T-COFFEE. For visual clarity, RhCMV, CCMV, and HCMV sequences are represented as “r”, “c”, and “h” at each of the several clusters. Mouse CMV,
rat, CMV, and tupaia CMV are abbreviated as M, R, and T, respectively. Virus-encoded proteins are indicated in red. The scale bar represents 0.1 amino acid
substitutions per site. A somewhat more detailed analysis of the phylogenetic relationships among the gammaherpesvirus-encoded GPCR is provided in a recent paper
(Paulsen et al., 2005). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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US14, and US20 belong to one group, US15 and US16 to
another, and that the other four sequences should be
removed from the family definition (Rigoutsos et al.,
2003). Our analyses mesh with both views: the 10 HCMV
genes and their counterparts in CCMV and RhCMV
constitute a family of related proteins that can be furthersubgrouped in a manner generally consistent with the
groupings of Rigoutsous et al.
(iii) The deduced scheme of the descent of the US12 family
gives hints as to which proteins may have functions that
are either more closely related to those of their host-
derived ancestors, or are recently evolved entities that
may embody novel functions.
Table 2
Conserved GPCR motifs in HCMV US12 family members and selected other 7TM proteins
GPCR signature motifs
TM1 TM2 TM3 C2 TM4 TM5 TM6 TM7
Motif N/Q N/S L x3 D N T D R Y W P C W x2 P N P x2 Y x6 F
hUS12 Q – L x1 D T T D R T W P T – x3 Y x6 F
hUS13 N I x3 E T T D L P W S – x2 Y x6 F
hUS14 S L x5 D T T F S – x2 Y x6 Y
hUS15 Q Sx L x3 E D G T F – F x4 F x6 Y
hUS16 Q E P R S – x2 F x6 F
hUS17 Q T T F T – x2 Y x6 Y
hUS18 Q N T E R R F S – x2 Y – –
hUS19 Q S – x2 Y x6 F
hUS20 Q N F x2 E N S S R S F – – – Y x6 F
hUS21 Q T S H R S F – – – Y x6 F
CGI-119 Q – T D V Y F – – – Y x6 F
Lifeguard Q – T P N – x1 Y x6 F
PP1201 Q – T T K A – – – Y x6 F
BI-1 Q N I D V D F – – – F x6 F
US28 – N L x3 D D R Y W P F W x P N P x2 Y x6 F
Footnote: x, any residue; –, incorrect amino acid in motif.
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superfamily. As such, the functions and mechanisms of
activity of these proteins are likely to have features that
are both related to, and different from those of other
members of the superfamily.
(v) A key question is whether US12 family members have
signaling properties. Given the challenges of deorphaniz-
ing candidate receptors, we considered it worthwhile to
perform this in depth analysis to better discern and
prioritize the best candidates for further scrutiny. Based
on our analyses, the ancestral gene product is likely to
have had signaling capabilities, with such properties
having been retained by at least several members of the
current family. While some of the sequences bear clear
hallmarks of GPCRs, for others, these markers have
become blurred or have disappeared, leaving intersecting
but challenging questions as to their current functions.
From the information now available, including known
properties of GPCR and 7TM proteins, we can envision
several potential functional roles for US12 family members.
First, US12, US18, US20, and US21 each have sequencesTable 3
Bax inhibitor motifs in HCMV US12 family members and related cellular proteins
Motif Bax inhibitor motif (TM3 to TM4)
G x2 V/L GP h L/I x9-11
hUS14
hUS15 V PP L I x9
hUS20
hUS21
CGI-119
Lifeguard A x2 T GM L – x8
PP1201 G x2 – GT I – x7
BI-1 G x2 V GP L I x9
Footnote: x, any residue; h, hydrophobic residue; –, incorrect amino acid in motif.related to the conserved DRY motif that is important for
protein-to-protein interactions between GPCR and G proteins
(Table 2). Thus, of the US12 family members, these are the
most likely to interact with G proteins. Second, US15, US20,
and US21 all have well-conserved Bax inhibitory motifs,
suggesting interactions with components of the apoptotic
pathway. Finally, US12, US13, US14, US18, and US20 have
sequences in their C-terminal tails suggesting the ability to
bind cytosolic members of the Wnt signaling pathway, which
can lead to cell proliferation (Clevers, 2000). Gammaherpes-
viruses have already been shown to manipulate the Notch-Wnt
pathway (reviewed in Hayward et al., 2006), thus if the
HCMV US12 family members indeed interact with Dishev-
elled or related proteins, it would suggest a general importance
of this pathway in herpesvirus biology. These activities may be
manifest in a cell- or tissue-specific manner, and may make
overt contributions to pathogenesis.
Identification of US12 family member functions will require
careful scrutiny of the patterns of expression, processing, and
localization of individual proteins in infected cells, as well as
detailed analysis of the phenotypes of viruses deleted for
individual and groups of US12 family members. As detailsI/L I/L x2 A x2 GT h3 F
I x2 S x2 L T WT L
L V x2 A x2 F T L LA F
V L x2 S x2 MT L AL F
V I x1 A x2 A T V TL F
I I x2 A x2 L T T TV F
V L
A V x2 A x2 I T A VV S
I L x2 A x2 GT A I A F
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accumulate, the proposed scheme by which the family arose
will allow prediction of hierarchies of possibly overlapping or
divergent functions. We note that analogous analyses will pave
the way to better understand the function of the other families of
betaherpesvirus duplicated and diverged genes.
We hypothesize that the several families of duplicated and
diverged genes evolved to take advantage of functionally
flexible structural scaffolds that are capable of accommodating
diverse functional domains. Thus, the HCMV US22 family
encodes tegument proteins with highly dissimilar functions. The
conserved US22 sequence motifs may constitute tegument
routing signals that have evolved in a way that allows diverse
functional domains (transcription regulatory, anti-apoptotic,
etc.) to be grafted on without adversely affecting incorporation
into the tegument. This provides a mechanism for rapid
evolution of tools that the virus can take in a pre-synthesized
form into newly infected cells; simultaneous evolution of
functional domains and tegument routing signals is not
required. In the case of the US12 family, the 7TM structure
provides a structural scaffold that will be intimately associated
with cellular membranes, with the specific membrane localiza-
tion being able to be controlled by relatively small sets of amino
acid sequences that are often located in the C-terminal tail.
Changes in relatively few residues in cytoplasmic loops can
change the specificity of interactions with cytoplasmic proteins
such as G proteins; similarly, small changes in intramembrane
sequences or in extracellular domains would alter interactions
with other membrane proteins or extracellular ligands, respec-
tively. Evolution of significant changes in function can thus be
accomplished by relatively small changes in sequence. This is
consistent with the diverse intracellular localizations of US14,
US17, and US18 (Das et al., 2006) (Das et al., in preparation).
Thus, evolutionary emergence of a useful functionally flexible
scaffold can lead to rapid expansion of the viral functome (the
net functional manifestation of the viral genome, transcriptome,
and proteome).
Acquisition of the US12 gene family at a point well after
the divergences of the major mammalian cytomegalovirus
lineages, and thus long after these viruses had learned to
replicate, is consistent with the observations that none of the
US12 genes, or even the whole locus, are essential for virus
replication in cell culture (Dunn et al., 2003; Yu et al., 2003)
(F.-Z. Wang and P.E.P., unpublished data). Nonetheless, their
conservation among the primate cytomegaloviruses and among
wild-type isolates of HCMV provides clear evidence that these
genes confer a long-term selective advantage on viruses that
harbor them.
Materials and methods
GPCR classification and nomenclature
Of the several systems of classification and nomenclature for
GPCR, we will use the system recently described by
Fredriksson et al., which is based on a comprehensive analysis
of available human GPCR sequences (Fredriksson et al., 2003).The R family contains the Rhodopsin-like proteins, which have
a conserved DRY motif in the first cytosolic loop, a conserved
extracellular disulfide bond between extracellular loops 2 and 3,
and a covalently attached lipid on the carboxyl-tail. Members of
the S family of secretin-like proteins bind large peptides
(hormones) and many members act in paracrine manner. They
tend to have a large N-terminal domain with several well-
conserved cysteines that are important in ligand binding. The A
family (adhesion receptors), have very large, highly glycosy-
lated N-terminal domains (>1000 amino acids) with adhesion
type motifs. The G family is composed of glutamate receptors;
their N-terminal ligand-binding sites consist of two distinct
lobes that flank the binding cavity to produce the so-called
“Venus fly trap” motif. The Frizzled/Taste2 receptor family (F
family) consists of olfactory receptors and GPCR that are
involved in controlling cell fate and proliferation. The F family
is defined in part by several sequence motifs: IFL in TM2, SFLL
in TM5, and SxKTL in TM7. The 7TM proteins that do not fit
into these families are classified as “Other 7TM Receptors”.
Members of this group do not necessarily have identified motifs
in common beyond the appearance of seven putative transmem-
brane domains.
Sequences
Genbank Accession numbers for the proteins examined in
this study are as follows: the HCMV US12 family: hUS12
(CAA35279), hUS13 (CAA35280), hUS14 (CAA352831),
hUS15 (CAA35282), hUS16 (CAA35283), hUS17
(CAA35284), hUS18 (CAA35285), hUS19 (CAA35286),
hUS20 (CAA35287), hUS21 (CAA35288); the CCMV US12
family homologs: cUS12 (NP_612785), cUS13 (NP_612786),
cUS14 (NP_612787), cUS15 (NP_612788), cUS16
(NP_612789), cUS17 (NP_612790), cUS18 (NP_612791),
cUS19 (NP_612792), cUS20 (NP_612793), cUS21
(NP_612794)] , Rhesus [r190 (YP_068279), r191
(YP_068280), r192 (YP_068281), r194 (YP_068283), r195
(YP_068284), r196 (YP_068285), r197 (YP_068286), r198
(YP_068287), r200 (YP_068288), r201 (YP_068289)], Life-
guard (Q9BWQ8), glutamate receptor ionotropic N-methyl-D-
aspartate-associated protein 1 (GRINA) (AAH84553), NMP35:
glutamine transporter (AAH00051), SR1 (AAF14868), CGI-
119 (AAD34114), Z-protein (AAG16898), HSPC178
(AAF29141 ) , PP1201 (AAH26348 ) , KIAA0950
(BAA76794), MDS013 (AAG14950), RECS1 (Q969X1), and
putative MAPK activating protein (BAC77379). Other protein
sequences are as listed in Fig. 7. Genbank Accession numbers
for the viral genomes were as follows: HCMV strain AD169
(NC_001347); CCMV (NC_003521); and RhCMV
(AY186194).
Sequence analysis
Protein sequence alignments were done with T-COFFEE
(http://igs-server.cnrs-mrs.fr/∼cnotred/Projects_home_page/
t_coffee_home_page.html), Megalign (part of the DNASTAR
sequence analysis package), followed by manual adjustment
297M. Lesniewski et al. / Virology 354 (2006) 286–298with GeneDoc (http://www.psc.edu/biomed/genedoc/). Phylo-
genetic trees were deduced by T-COFFEE and with Phylip
version 3.62 (http://evolution.genetics.washington.edu/phylip.
html) using Bootstrap Sequences, Protein Parsimony, and
Consensus. The bootstrap program randomized the gene order
20 times and then determined 100 alignments. The Protein
Parsimony program determined the best trees for each
alignment, and then the 100 trees were compared in
Consensus to identify the best-fit tree. Toppred II and
PSORTII were used to predict membrane topology using
program default parameters (http://bioweb.pasteur.fr/seqanal/
interfaces/toppred.html). Dot plots were generated with the
GCG programs Compare and Dotplot, using the Blosum 62
scoring matrix, a window of 11 residues, and a threshold score
of 23.
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